Faisal A, Beavers KR, Robertson AD, Hughson RL. Prior moderate and heavy exercise accelerate oxygen uptake and cardiac output kinetics in endurance athletes. J Appl Physiol 106: 1553-1563 , 2009 . First published February 26, 2009 doi:10.1152/japplphysiol.91550.2008.-Cardiorespiratory interactions at the onset of dynamic cycling exercise are modified by warm-up exercises. We tested the hypotheses that oxygen uptake (V O2) and cardiac output (Q ) kinetics would be accelerated at the onset of heavy and moderate cycling exercise by warm-up. Nine male endurance athletes (peak V O2: 60.5 Ϯ 3.2 ml ⅐ min Ϫ1 ⅐ kg Ϫ1 ) performed multiple rides of two different 36-min cycling protocols, involving 6-min bouts at moderate and heavy intensities. Breath-by-breath V O2 and beat-by-beat stroke volume (SV) and Q , estimated by Modelflow from the finger pulse, were measured simultaneously with kinetics quantified from the phase II time constant (2). One novel finding was that both moderate (M) and heavy (H) warm-up bouts accelerated phase II V O2 kinetics during a subsequent bout of heavy exercise (2: after M ϭ 22.5 Ϯ 2.7 s, after H ϭ 22.1 Ϯ 2.9 vs. 26.2 Ϯ 3.2 s; P Ͻ 0.01). Q kinetics in heavy exercise were accelerated by both warm-up intensities (2: M ϭ 22.0 Ϯ 4.1 s, H ϭ 23.8 Ϯ 5.6 s vs. 27.4 Ϯ 7.2 s; P Ͻ 0.05). During moderate exercise, prior heavy-intensity warm-up (one or two bouts) accelerated V O2 kinetics and elevated Q at exercise onset, with no changes in Q kinetics. A second novel finding was a significant overshoot in the estimate of SV from Modelflow in the first minutes of each moderate and heavy exercise bout. These findings suggest that the acceleration of V O2 kinetics during heavy exercise was enabled by the acceleration of Q kinetics, and that rapid increases in Q at the onset of moderate and heavy exercise might result, in part, from an overshoot of SV. gas exchange; warm-up exercise; arterial-venous oxygen content difference; Finometer Modelflow; acetylene rebreathing OXYGEN UPTAKE (V O2) kinetics reflect the oxidative energy supply at the onset of work rate transitions. Prior exercise might alter the rate of increase of V O 2 and cardiac output (Q ) during a subsequent bout of exercise, but research findings utilizing this model are controversial. The first systematic investigation of prior exercise on V O 2 kinetics by Gerbino et al. (14) reported faster V O 2 kinetics (shown by smaller effective time constant V O 2 ) in a second heavy exercise bout. However, they observed no effects of prior heavy exercise on ensuing moderate exercise bouts or of prior moderate exercise on following bouts of either moderate or heavy exercise (14). Since then, many supportive and contradictory findings have been reported for V O 2 kinetics, whereas observations of Q have been limited.
gas exchange; warm-up exercise; arterial-venous oxygen content difference; Finometer Modelflow; acetylene rebreathing OXYGEN UPTAKE (V O2) kinetics reflect the oxidative energy supply at the onset of work rate transitions. Prior exercise might alter the rate of increase of V O 2 and cardiac output (Q ) during a subsequent bout of exercise, but research findings utilizing this model are controversial. The first systematic investigation of prior exercise on V O 2 kinetics by Gerbino et al. (14) reported faster V O 2 kinetics (shown by smaller effective time constant V O 2 ) in a second heavy exercise bout. However, they observed no effects of prior heavy exercise on ensuing moderate exercise bouts or of prior moderate exercise on following bouts of either moderate or heavy exercise (14) . Since then, many supportive and contradictory findings have been reported for V O 2 kinetics, whereas observations of Q have been limited.
Faster V O 2 kinetics have been found in a bout of heavy exercise that followed an identical heavy exercise bout (35, 38) or multiple sprint cycling (45) , but contrary findings of no change in kinetics have been reported (5, 51) . The reasons for these discrepancies in the responses to heavy exercise after a heavy warm-up could be a consequence of varying signal-tonoise relationships related to single-or multiple-test repetitions, to method of data analysis with overall kinetics vs. a focus on the phase II kinetics, to differences in recovery intensity between exercise bouts, or to differences in physical fitness of the subjects studied. Likewise, varying results of accelerated or no change in kinetics have been reported for the effects of lower intensities of warm-up on V O 2 kinetics on subsequent heavy (5, 6, 14, 35) or moderate (11, 14) exercise. Several studies have reported no change in V O 2 kinetics in moderate exercise that follows a bout of heavy warm-up exercise (5, 14, 35) . However, Gurd et al. (16) recently reported faster phase II time constant ( 2 ) for V O 2 during moderate exercise that followed a heavy warm-up. They observed elevated pyruvate dehydrogenase activity at baseline after the heavy bout and further activation during the second moderate exercise bout.
Kinetics of Q have been investigated primarily in light or moderate exercise, where a rapid increase in heart rate (HR) attributed to vagal withdrawal was largely responsible for the adaptation of Q to steady state (10, 24, 30, 33, 53) . When the metabolic demand was elevated and sympathetic contributions were required to increase HR, the kinetics of both Q and V O 2 were slower (24) , but prior heavy exercise accelerated Q and V O 2 in subsequent heavy cycling exercise (38) .
Relatively few studies have examined simultaneously kinetics of V O 2 and Q during exercise transitions (38, 53) . In the present study, we examined the relationship between V O 2 and Q kinetics to investigate the relative contributions of muscle metabolic and cardiovascular adaptations to V O 2 kinetics at the onset of both moderate and heavy exercise. As well, we investigated the effect of prior warm-up in very fit young men who were able to perform high work rates to generate a large amplitude signal during multiple repetitions to enhance the signal-to-noise ratio in the subsequent response kinetics.
We tested two primary hypotheses: first, that both heavy and moderate prior exercise would accelerate the kinetics of V O 2 and Q in subsequent heavy exercise; and second, that prior heavy exercise would accelerate the kinetics of V O 2 and Q in subsequent moderate exercise.
METHODS

Subjects
Nine male endurance athletes [age: 22.3 Ϯ 2.7 yr, height: 178.6 Ϯ 7.8 cm, weight: 71.9 Ϯ 6.5 kg, peak V O2 (V O2peak): 60.5 Ϯ 3.2 ml ⅐ min Ϫ1 ⅐ kg Ϫ1 ; means Ϯ SD] consented to participate in this study. None of the participants was a cyclist, but all included some cycling in their fitness regimes, and all were prescreened with V O2peak Ͼ 55 ml ⅐ min Ϫ1 ⅐ kg Ϫ1 . This study was approved by the Office of Research
Ethics at the University of Waterloo, and all subjects provided written, informed consent following full description of the protocols.
Experimental Design
V O2peak and ventilatory threshold (VT) were determined using an incremental exercise test to volitional exhaustion on an electrically braked cycle ergometer (Excalibur, Lode, Groningen, the Netherlands). After an initial 4-min period of cycling at 20 W, the work rate increased as a ramp of 30 W/min. The pedaling cadence was maintained at ϳ80 rpm for the duration of the test. The test was stopped when the subject was unable to continue or was unable to maintain a cadence Ͼ75 rpm. The V O2peak was calculated as the average of the last 15 s of the test. The VT was estimated from the breakpoint in the curve of carbon dioxide output (V CO2) as a function of V O2 (V-slope method) (2) and confirmed by the point at which minute ventilation (V E)-to-V O2 ratio increased without an increase in V E-to-V CO2 ratio.
Each subject, over a 3-mo period, performed multiple rides of two different 36-min cycling protocols, involving 6-min bouts at moderate (M) and heavy (H) intensities (power output requiring V O2 equivalent to 80% of the V O2 at VT and 85% of V O2peak, respectively), interspersed with 6-min bouts at 20 W to achieve similar protocols to other studies of prior exercise that have used unloaded cycling (14), 20 W (5, 16), 25 W (35), or 35% V O2peak (38) . The exercises were named by the intensity, bout number, and protocol letter as follows: protocol A ϭ moderate (M1 A), followed by heavy (H2A), followed by moderate (M3A); protocol B ϭ heavy (H1B), followed by heavy (H2B), followed by moderate (M3B) (Fig. 1) . The pedaling frequency was maintained at 80 rpm throughout each protocol. The same cycle ergometer and individual setup (handle bar and seat position allowing nearly full knee extension) were used for each ride in the study.
The competitive athletes were in the maintenance phase of their training regimen. To ensure that there were no changes in their physical fitness during the testing period, an incremental exercise test was performed by each participant within 1 wk of finishing his testing series.
On testing days, subjects reported to the laboratory in a rested, hydrated state. They were asked to abstain from caffeine 12 h and alcohol 24 h before testing. No more than two testing sessions per week were arranged; rides were performed at least 24 h following the participants' last exercise regimen, 72 h following a heavy training session, and 48 h following their last study ride. The tests were completed in a quiet, air-conditioned laboratory at a temperature of ϳ23°C.
Breath-by-Breath V O2
Ventilation and gas exchange were measured continuously in at least eight rides (minimum 4 of each protocol) on a breath-by-breath basis (First Breath, Waterloo, ON), measuring inspired and expired concentrations of O 2, CO2, and N2 by mass spectrometry (Innovision, Amis 2000, Odense, Denmark) and gas volumes by a bidirectional, low-resistance, low-dead space (90 ml) turbine (UVM-17125, VacuMed, Ventura, CA, modified to remove the signal delay on transition of flow direction). This system uses a modification of the Auchincloss algorithm, incorporating an estimate of the effective lung volume to determine breath-by-breath changes in lung gas stores (20) . Calibrations with precision medical gases and an automated 3-liter syringe (VacuMed), and measurement of the delay time to match the volume and gas signals, were performed before each test.
Beat-by-Beat Q
Throughout each exercise test, Q was continuously estimated beat-by-beat from the pulse wave of the finger arterial pressure (Finometer, Finapres Medical System, Arnhem, the Netherlands) utilizing the Modelflow algorithm (Q MF) to estimate stroke volume (SV) (49) , incorporating factors of age, sex, height, and weight to estimate the aortic cross-sectional area (31) . The left arm was supported slightly below heart level by a sling to minimize arm and hand movement. The support of one arm did not affect cycling mechanics or require additional activity in the other arm for these highly fit subjects. The Q MF signal was shifted Ϫ1 s and one beat back to compensate for Finometer's internal digital signal processing delay. The signals were linearly interpolated at 1-s intervals; the rides were time aligned and averaged together to yield a single data set for each subject in each protocol. The Modelflow algorithm follows changes in Q (44), but might exhibit bias relative to a standard method, especially when applied over a wide range of metabolic demand, as in the present study. Therefore, we compared Q MF with those from acetylene rebreathing (Q C 2 H 2 ) (46) using a gas mixture containing 7% helium (He), 0.7% C 2H2, 30% O2, and balance N2 from a 5-liter rebreathing bag filled to 1.5 times each person's tidal volume (3) . Each subject performed multiple repetitions of Q C 2 H 2 at the three work rates in eight separate rides (total: 24 at 20 W, 12 at moderate, and 12 at heavy work rates). Calibrations could not be performed in the exercise transients, as the C 2H2 method requires constant Q during the measurement period. Therefore, Q C 2 H 2 was calculated between 3.5 and 4 min (2 rides of each protocol), and 5 and 5.5 min (2 rides of each Fig. 1 . Two different testing protocols employed to examine the influence of prior exercise on oxygen uptake (V O2) and Finometer Modelflow estimated cardiac output (Q MF) kinetics. For each exercise bout, M and H indicate moderate and heavy work rate, respectively; 1, 2, and 3 indicate the order of the exercise bout within the sequence; and A and B indicate the two different protocols. The specific bouts are M1A and H1B (moderate and heavy control bouts, A and B, respectively), H2A and H2B (heavy exercise after a moderate or heavy prior exercise, A and B, respectively), and M3A and M3B (moderate exercise after one or two heavy prior exercise bouts, A and B, respectively). V O2peak, peak V O2; VT, ventilatory threshold. protocol); and these were compared with corresponding values for Q MF at each work rate. Given the small overall bias (see RESULTS) , no adjustment was applied to the Q MF as an estimate of Q during exercise. Blood pressure, Q MF, and electrocardiogram (Pilot 9200, Colin Medical Instruments, San Antonio, TX) were sampled at 1 kHz (PowerLab, AD Instruments, Colorado Springs, CO).
Blood Sampling
Blood samples were drawn from the antecubital vein during two rides of each protocol to measure [La Ϫ ] by fluorometric assay (34) . Blood was drawn at rest, and between 5.5 and 6 min of each of the three work rates: 20 W, moderate, and heavy.
Data Analysis
Breath-by-breath V O2 and beat-by-beat Q MF data were obtained from at least four repetitions of each of protocols A and B, linearly interpolated at 1-s intervals, time-aligned to the beginning of exercise, and averaged together to yield a single data set for each subject. The moderate and heavy bouts were curve fitted by two-(phases I and II) and three-component (phases I, II, and III) exponential models, respectively, according to the following equation:
where, U 1 ϭ 0 for t Ͻ TD1 and U1 ϭ 1 for t Ͼ TD1, U2 ϭ 0 for t Ͻ TD2 and U2 ϭ 1 for t Ͼ TD2, U3 ϭ 0 for t Ͻ TD3 and U3 ϭ 1 for t Ͼ TD3. Y(t) is the absolute V O2 or Q MF at a given time t; A0 is the amplitude of the baseline for V O2 or Q MF measured in the 2 min preceding the onset of exercise while cycling at 20 W; A1, A2, and A3 are the amplitudes; TD1, TD2, and TD3 are the time delays; and 1, 2, and 3 are the time constants of phases I, II, and III, respectively, of the V O2 and Q MF kinetic responses.
Phase I was fit with parameters that ensured a completed response before the start of phase II (i.e., 4 ϫ 1 Ͻ TD2), so there was no impact of phase I on the phase II kinetics (21) , allowing comparison with studies that omitted the phase I from the fitting analysis (1, 5) . Curve fitting utilized an iterative nonlinear regression process in which the best fit was defined by minimizing the residual sum of squares with a symmetric distribution around the zero line (see Fig. 2 ). The rate of activation of the aerobic system during the exercise transition was characterized by 2 for V O2.
Arterial-Venous Oxygen Content Difference
To account for the lower sampling rate for V O2 (breath by breath) compared with the estimates of Q MF (beat by beat), the latter were averaged over each breath cycle to yield a single data point to match V O2 data. Arterial-venous oxygen content difference [(a-v)DO2] was then calculated using the Fick equation:
Baseline values for V O2, Q MF, and (a-v)DO2 were the average of the 30 s preceding the onset of moderate and heavy cycling bouts. The noninterpolated values of V O2, Q MF, and (a-v)DO2 values were averaged in 10-s windows during each exercise bout, and the relative contribution of Q and (a-v)DO2 to the overall changes in V O2 (expressed in %) were approximated through the differentiation of the Fick equation as shown by Fukuba et al. (12):
Dividing the differentiated equation by V O2 shows that the relative change in V O2 is approximately equal to the sum of the relative changes in Q and (a-v)DO2:
Statistics
Regression and Bland-Altman analyses (37) were used to examine the accuracy and reliability of the Finometer Q method. Additionally, a one-way repeated-measures ANOVA and coefficient of variation analysis were completed to demonstrate the variance of the Q across the multiple bouts.
The effect of prior exercise on V O2 and Q kinetics, as well as selected time values of HR and SV, were analyzed using one-way repeated-measures ANOVA. When significant effects were observed, the Bonferroni post hoc test was used for comparisons. Regression analyses compared the Q and V O2 kinetics to each other, as well as between V O2 kinetics and [La Ϫ ]. All data are expressed as means Ϯ SD. The data were analyzed using Statistical Analysis Software package 9.01 (SAS Institute, Cary, NC).
RESULTS
Incremental Exercise Test
The prestudy V O 2peak (4,325 Ϯ 516 ml/min, 60. 
Modelflow Q Validation
The Q MF and Q C 2 H 2 were highly correlated, both on a subject-subject basis and overall. Individually, the average correlation coefficient was 0.93 Ϯ 0.03 and ranged from 0.90 to 0.96. The overall regression equation between methods was Q MF ϭ 0.94 Q C 2 H 2 ϩ 1.09, with r ϭ 0.92 (P Ͻ 0.001). The results of the Bland-Altman analysis (Fig. 3) showed small bias at the three different work rates: 20 W, 80% VT, and 85% V O 2peak (0.01, 0.05, and Ϫ0.97, respectively). The overall bias (mean Q C 2 H 2 Ϫ Q MF ) was low at Ϫ0.20 l/min, with 95% limits of agreement from Ϫ4.16 to 3.76 l/min. Q MF variability during repeated measurements was low. There were no significant differences in Q MF across the multiple repetitions of each protocol (P Ͼ 0.41 for moderate bouts; P Ͼ 0.67 for heavy bouts). The mean coefficient of variation in all subjects over all rides was 6.7 Ϯ 2.4% during moderate bouts (ranging from 3.7 to 11.6) and 7 Ϯ 2.1% during heavy bouts (ranging from 4.8 to 11.7). The regression equations for both Q MF and Q C 2 H 2 with V O 2 in all subjects were similar [Q MF ϭ 0.005 V O 2 ϩ 5.58, with r ϭ 0.97 (P Ͻ 0.001); Q C 2 H 2 ϭ 0.004 V O 2 ϩ 5.89, with r ϭ 0.96 (P Ͻ 0.001)]. Overall, the Modelflow method provided a valid estimate of Q during exercise at the three different intensities of cycling exercise.
V O 2 and Q Kinetics
During a heavy exercise bout that followed either prior moderate or heavy exercise, 2 values for both V O 2 and Q MF were less than when heavy exercise was not preceded by warm-up (Fig. 4, Table 1 ). There was a significant relationship between the values for V O 2 and Q MF determined for all heavy bouts (r ϭ 0.47, P ϭ 0.01). The moderate exercise bouts that followed prior heavy exercise (one and two bouts) had smaller 2 for V O 2 than in the no warm-up condition. The reduction in 2 for Q MF was not significantly different compared with the control (Fig. 5 , Table 2 ). The overall relationship between V O 2 2 and Q MF 2 during moderate bouts was not significant (r ϭ 0.14, P ϭ 0.5).
Baseline (A 0 ) values for V O 2 were significantly elevated when either moderate or heavy exercise was preceded by one bout of heavy exercise, and there was further small, but significant, elevation when moderate exercise was preceded by two heavy bouts (Tables 1 and 2 ). Prior moderate exercise had no effect on the A 0 for V O 2 . Neither moderate nor heavy prior exercise affected the amplitude of V O 2 during phase I (A 1 ) or phase II (A 2 ) in the following bouts of moderate or heavy exercise (Tables 1 and 2 ). Prior warm-up had a graded effect on the amplitude of the V O 2 slow component (A 3 ), such that the prior heavy exercise resulted in a greater attenuation than moderate exercise (Table 1) .
A 0 for Q MF was significantly elevated by prior heavy exercise (Tables 1 and 2 ). There was no impact of prior exercise on the Q MF amplitudes A 1 or A 2 in the heavy exercise bouts (Table  1) . During the moderate exercises, both A 1 and A 2 were significantly reduced by one or two bouts of prior heavy exercise (Table 2) ; however, due to the higher starting values, the absolute average Q MF from 15 to 45 s after exercise onset was greater after two prior heavy bouts (M3 B ϭ 15.5 Ϯ 4.5 The HR and SV contributions to Q MF were markedly impacted by the prior exercise condition (Table 3 , Figs. 6 and 7).
During both moderate and heavy exercise, there was a significant overshoot of the SV within the first minutes of exercise (Table 3 , Figs. 6 and 7) . During moderate bouts, one prior heavy exercise bout elevated HR and reduced the baseline, peak, and end-bout SV, and these responses were further diminished by two prior heavy exercise bouts. During heavy bouts, baseline and end bout HR were elevated by prior heavy exercise, but there were no differences in the baseline, peak, or end-exercise SV between bouts, with or without warm-up exercise. (Fig. 8, top) .
.93%] and 23% of the changes in V O 2 vs. M1 A at 30 and 90 s, respectively. For the heavy exercise bouts that followed either moderate or heavy exercise, Q appeared to be the major contributor to changes in V O 2 kinetics (Fig. 8, bottom) . Values are means Ϯ SD; n ϭ 9 subjects. A0, A1, A2, and A3: amplitude parameters of baseline and phases I, II, and III (slow component), respectively; 2 and 3: time constants of phases II and III, respectively; TD2 and TD3: time delays of phases II and III, respectively; end bout, average oxygen uptake or Finometer Modelflow estimated cardiac output in the last minute of each exercise bout. The heavy bouts for protocols A and B are shown in Fig 1, A and B, respectively. See METHODS for explanation of H1B, H2A, and H2B. *P Ͻ 0.01, H1B vs. H2A-H2B; †P Ͻ 0.05, H1B vs. H2A-H2B; ‡P Ͻ 0.01, H2A vs. H2B; §P Ͻ 0.05 H2A vs. H2B. 
DISCUSSION
Our results provided several unique observations concerning V O 2 and Q kinetics during moderate and heavy cycling exercise in endurance athletes. In support of our first hypothesis, we observed for the first time that a 6-min moderate warm-up bout, as well as prior heavy exercise, was capable of reducing 2 for both V O 2 and Q during a subsequent heavy exercise bout. In partial support of our second hypothesis, we observed lower 2 for V O 2 when moderate exercise followed one or two bouts of heavy exercise, but the 2 for Q was not significantly altered, although absolute Q was elevated early in exercise that followed two prior bouts of heavy exercise. Our data also revealed novel responses for SV with a highly significant overshoot during the early phase of heavy and moderate exercise bouts. As well, SV recovered to a common plateau in all heavy exercise bouts, regardless of the prior exercise condition, but remained below the no-prior exercise condition during moderate exercise that followed one or two bouts of heavy exercise.
Methodological Considerations and Limitations
The current data should be put in the perspective that they were obtained in highly fit young men who performed multiple repetitions of exercise tests to enhance the ability to resolve effects of prior exercise on V O 2 and Q responses. The data then might not reflect the general population, but rather the extreme with well-adapted cardiovascular and metabolic responses.
Continuous estimates of Q were obtained in the current study by Modelflow analysis of the finger arterial pressure waveform (49) . Changes in Q during transitions to higher work rates have been examined by various noninvasive techniques (24, 32, 38, 53) , including Modelflow (30), although these studies involved less intense exercise than the current study. Since Modelflow has not been investigated under the conditions of our experiments, we conducted a comparison with acetylene rebreathing. There was a high correlation between the Q MF and Q C 2 H 2 from steady-state baseline cycling at 20 W to steady-state exercise at 85% V O 2peak , with only a small bias and a reasonably small 95% confidence interval for the differences between Q C 2 H 2 and Q MF . As well, the bias was not affected by the protocol, since data from both moderate and heavy bouts confirm that there was no significant bias introduced by the type of prior exercise (Table 3) . Thus, in the steady state of exercise, there were no systematic errors in estimates of Q introduced by the noninvasive Modelflow approach. Methodologically, it was not possible to confirm that there was no bias during the non-steady-state phase when we observed differences in Q MF kinetics and the overshoot of SV. It is possible that rapid changes in aortic impedance in the transitions to higher work rates affected the accuracy of the Modelflow calculation during exercise onset, so caution should be exercised in the interpretation of the Q MF and SV. Notably, Harms et al. (17) reported that, during a dynamic postural shift, changes in Q MF did track estimates from Doppler ultrasound. Values are means Ϯ SD; n ϭ 9 subjects. The moderate bouts for protocols A and B are shown in Fig 1, A and B Values are means Ϯ SD; n ϭ 9 subjects. The Finometer Modelflow estimated cardiac output (Q MF) coefficient of variation (Q CV) and the C2H2 cardiac output (Q C 2 H 2 )-Q MF bias were calculated as the average of the 4th and 6th minute measurements; HR, heart rate; SV, stroke volume. *P Ͻ 0.01 and †P Ͻ 0.05, compared with the control conditions (H1B, M1A) ; ‡P Ͻ 0.01, H2A vs. H2B and M3A vs. M3B; §P Ͻ 0.05, H2A vs. H2B and M3A vs. M3B. The breath-by-breath measurements in the present study utilized a modification of the Auchincloss algorithm and estimates of a nominal lung volume to follow changes in lung gas stores and adjust the gas exchange measured at the mouth (20) . Based on previous observations that minimal breath-by-breath variation in estimates of V O 2 was obtained with a lung volume smaller than functional residual capacity, we arbitrarily choose nominal lung volume to equal 50% of functional residual capacity (20) . Recently, Cautero et al. (8) suggested that the Grønlund algorithm, which defines a respiratory cycle by equal fractions of O 2 in expired air, might provide a more accurate measure of breath-by-breath alveolar V O 2 , and that the 2 was faster compared with the Auchincloss algorithm. In the present study, the absolute value of 2 might differ if V O 2 had been calculated with the Grønlund algorithm, but our comparisons within subjects would not be biased by the method of calculation.
Characterization of V O 2 kinetics has normally been approached through multicomponent exponential modeling, with the major emphasis on the phase II response that might reflect changes in muscle oxidative metabolism (33, 50) . We retained this convention, even though nonlinearities during phase II (23, 41) might question the validity of this approach, because current techniques are unable to resolve this effect in breathby-breath data for V O 2 . We chose to fit the cardiodynamic phase (50) , by an exponential model with a 1 value fast enough to achieve a complete response before the start of phase II (i.e., 4 ‫ء‬ 1 Ͻ TD 2 ) (21), and those arbitrary data were not included in the results.
There have been fewer studies of the kinetics of Q than V O 2 , but it is obvious from the HR and SV data (Figs. 6 and 7) that presenting the kinetics of Q by a simple two-or three-component exponential model is at best an approximation, even though residuals appear to be evenly distributed (see Fig. 2,  bottom) . The initial overshoot of SV while HR progressively increased violates the concept that one exponential term corresponds to a single physiological control mechanism for Q . However, using the same model for V O 2 and Q MF simplified comparisons of these variables within our study and with other research.
An important limitation in the present study is that our measurement of Q MF does not provide insight into the site- Fig. 7 . Heart rate (top) and stroke volume (bottom) during moderate work rate transitions. Stroke volume is presented as a 5-s moving average. Data lines are the average of 9 subjects with Ն4 repetitions per each exercise condition. Fig. 6 . Heart rate (top) and stroke volume (bottom) during heavy work rate transitions. Stroke volume is presented as a 5-s moving average. Data lines are the average of 9 subjects with Ն4 repetitions per each exercise condition. bpm, Beats/min. specific delivery of oxygenated blood to the exercising muscles. Recent data from investigation of multiple muscle sites with near-infrared spectroscopy (26) revealed considerable heterogeneity of tissue oxygenation, suggesting that, even studies that measure blood flow and oxygen extraction across working muscles (15, 22) have limitations with regard to determining the matching of perfusion with metabolic demand.
V O 2 and Q Kinetics During Heavy Exercise
In the present study, we observed faster V O 2 and Q MF kinetics in a second heavy bout following 6 min of prior heavy or moderate warm-up exercise. The effect of prior heavy exercise will be considered first, as there are more previous data on this experimental model; then our novel finding that a moderate warm-up was capable of accelerating V O 2 and Q MF kinetics during a subsequent heavy exercise will be examined.
Almost universally in previous research, V O 2 was found to be elevated in the first minute of heavy exercise that followed soon after previous single or multiple bouts of heavy exercise (5, 14, 35, 45) . However, what is far from universal is agreement on whether the V O 2 is simply elevated without a change in kinetics (5, 51), or whether V O 2 actually increases more rapidly toward the required level (35, 41, 45 ).
The present study and that of Tordi et al. (45) , where there was clear evidence of faster 2 , included only subjects who were well-trained athletes. There is some evidence that subjects of higher fitness (25) (18, 47) and a subsequent reduction in phosphocreatine degradation and substrate level phosphorylation (41) . Physical training induces tighter metabolic coupling, such that smaller changes in the energy state of the muscle are needed to stimulate enzymes of oxidative phosphorylation (39) . This tighter coupling is consistent with the hypothesis that endurance athletes would be more susceptible to limitations in oxygen delivery at the onset of exercise.
Similar to Perrey et al. (38) , we observed that prior heavy exercise accelerated Q in subsequent heavy cycling exercise. The increase in Q MF that we observed during heavy exercise was a consequence of a rapid increase in SV, resulting from increased muscle pump activation and a somewhat slower increase in HR that probably reflects a relatively greater reliance on sympathetic activation than on vagal withdrawal (see Fig. 6 ). To the best of our knowledge, this is the first study to report an overshoot of SV in the early phase of heavy exercise, although our validation of Modelflow SV against C 2 H 2 rebreathing was not specifically tested in this transient phase. We found that SV reached values within the first minutes of exercise that were 15-20 ml greater than the steady-state values at the end of the exercise bouts. Leyk et al. (32) monitored the SV using Doppler ultrasound during upright cycling across exercise transitions to work rates of up to 200 W. They showed SV to increase rapidly and peak by 30 s of exercise onset, but the resolution of their data was not sufficient to address the possibility of the SV overshoot we observed in the first minutes of exercise transitions (Figs. 6 and 7). It seems probable that the very rapid increase in SV reflects the sudden increase in venous return with the onset of the higher work rate mediated primarily by the stronger muscle pump (42, 48) . Although SV was lower in the baseline period after prior heavy exercise, there were no differences in peak values between the exercise conditions. The elevated HR after the prior heavy exercise bout was sustained during the subsequent bout of heavy exercise, resulting in a significantly higher Q at the end of exercise in this condition. The higher Q might have been required as a mechanism to assist with thermoregulation.
Several interacting mechanisms are likely responsible for improved O 2 delivery following a heavy warm-up and contribute to accelerated V O 2 kinetics during a subsequent heavy bout: 1) an accumulation of vasoactive metabolites enhances vasodilation and increases blood flow to exercising muscles (29, 36) ; 2) a right shift of the oxyhemoglobin dissociation curve, resulting from the accumulation of H ϩ and increased temperature, promotes O 2 offloading at the muscle (14, 36) ; and 3) a reduction in regional perfusion heterogeneities in the muscle microvasculature improves the matching between oxygen delivery and oxygen utilization (13) .
A unique finding of this study was that a prior bout of moderate cycling exercise accelerated V O 2 kinetics (reduced 2 ) in a subsequent heavy bout. The similar responses shown in the acceleration of Q MF and V O 2 kinetics following both prior heavy and moderate warm-ups, despite the significantly higher baseline [La Ϫ ] following the heavy warm-up, provide evidence that accumulation of H ϩ during the heavy warm-up is not the sole factor contributing to acceleration of the V O 2 kinetics (4, 27, 28 ). This conclusion is in agreement with Fukuba et al. (13) , who showed a significant difference in mean response time of the second heavy cycling bout after an identical heavy cycling bout, but not after a heavy arm-cranking exercise bout, despite similar baseline plasma [La Ϫ ]. These findings support the idea that changes in V O 2 kinetics are not simply due to systemic lactic acidosis. Highly trained athletes might exhibit an improved sensitivity to the local metabolic environment and a more tightly regulated O 2 delivery system to the working muscles. As a consequence of the prior moderate exercise, we observed slight increases in HR, Q MF , and [La Ϫ ] during the subsequent baseline period. These factors might reflect conditions compatible with enhanced vasodilation and O 2 offloading at the working muscle and speeding the kinetics of Q MF and V O 2 during subsequent heavy bouts.
The attenuation of the slow component (phase III amplitude) reported here after prior exercise is in agreement with previous studies involving both heavy (13, 14, 35) and moderate (27, 28) warm-up. The underlying mechanisms of the V O 2 slow component are not yet completely understood. Poole et al. (40) demonstrated that a majority (86%) of the additional V O 2 occurs in the exercising muscle. Shinohara and Moritani (43) suggested that this increase is due to changes in motor unit recruitment; however, there remains skepticism as to whether electromyographic data are sensitive enough to detect these changes (7).
V O 2 and Q Kinetics during Moderate Exercise
Our second hypothesis proposed that both V O 2 and Q kinetics would also be accelerated when moderate exercise followed heavy warm-up exercise. We found faster V O 2 kinetics after heavy warm-up (one or two bouts) exercise, but Q MF kinetics were not significantly affected. The observation of faster V O 2 kinetics during moderate exercise after a heavy warm-up confirmed the recent finding by Gurd et al. (16) , but contrasts with the results of others (5, 14, 35) .
The mechanism(s) that made the elevated V O 2 possible during moderate exercise after heavy exercise has (have) not been investigated in detail, since only this study and that of Gurd et al. (16) have reported this observation in young men. Gurd et al. found that the intramuscular environment was enhanced as pyruvate dehydrogenase enzyme activity and substrate concentrations were elevated by a prior heavy exercise bout, but they also found greater tissue oxygenation by near-infrared spectroscopy, suggesting elevated blood flow. This latter observation might appear in conflict with the present study, where the kinetics of Q MF were not changed, but several factors need to be considered. Q MF was elevated in the baseline period before the moderate exercise bout by both one and two prior heavy exercise bouts. As well, Q MF was significantly elevated during the first 45 s by the two bouts of prior heavy exercise (M3 B ). It is possible that perfusion of the exercising muscles was elevated in the transition to the moderate exercise, but data are not available in the present study to confirm the blood flow distribution or to indicate how the change in whole body (a-v)DO 2 reflected the O 2 extraction across the working muscle. The absence of effect of prior exercise on Q MF kinetics was similar to the report of Yoshida et al. (52) , who saw no effect during moderate one-legged cycling.
The patterns of SV and HR were significantly changed by prior exercise. HR was increased and SV was decreased before the start of moderate exercise following prior heavy exercise, and these differences from the control condition (M1 A ) were maintained throughout exercise (see Fig. 7 , Table 3 ). The elevated baseline HR to over 100 beats/min in M3 A and M3 B probably contributed to a slower increase with the start of moderate exercise, as vagal activity was already withdrawn, and increased sympathetic activity was required to increase HR (10) . The overall reduction in SV with exercise might have been a consequence of elevated thermoregulatory demands, resulting in an increase in skin blood flow. As in the heavy exercise bouts, there was a significant overshoot in SV within the first minutes of each moderate exercise condition. A previous investigation of the SV at the onset of light cycling exercise (30) reported only the first 45 s of the response, and this was insufficient to see the overshoot. The overshoot and overall elevation in SV contrasts with the finding of a reduction in SV during mild supine exercise (9) and probably reflects the importance of the leg muscle pump in upright cycling exercise (42, 48) .
Conclusions
In the present study, we combined estimates of continued Q MF , validated in steady state against acetylene rebreathing, with breath-by-breath measurements of V O 2 to study the dynamic aspects of the cardiorespiratory responses at the onset of moderate and heavy exercise with prior warm-up. We observed that the estimates of SV had a significant overshoot in the first minutes of both moderate and heavy exercise that contributed to the rapid increase in Q MF at the onset of exercise. In support of our hypotheses, the V O 2 response during moderate exercise was significantly accelerated by prior heavy exercise. As well, in heavy exercise, both the V O 2 and Q MF responses were accelerated, not only by prior heavy, but also by moderate warm-up exercise. Overall, these data showed that prior exercise can accelerate the phase II kinetics of V O 2 , at least in a population of very fit young men.
